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（Roles of warped graphitic layers in carbon-based cathode catalysts for polymer 
electrolyte fuel cells and their designing principles for high performance catalysts.） 
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Hydrogen energy is expected to be the next-generation alternatives to fossil-fuel resources. Fuel-
cell devices that convert hydrogen to electrical energy are widely used and are important for the 
realization of a sustainable hydrogen-energy-based society. Polymer electrolyte fuel cells, a type of fuel 
cell, can be utilized for both stationary and automotive power supplies. The cathode of these cells 
uses a large amount of platinum to promote the oxygen reduction reaction (ORR). The use of platinum, 
which is an expensive and limited resource, incurs high costs and limits the wide-scale application of 
these fuel cells. The Jun-ichi Ozaki Laboratory at Gunma University has been developing a carbon 
alloy catalyst as an alternative to the platinum cathode catalyst. An improved carbon alloy catalyst was 
employed in the world's first  fuel cell without precious metal cathode catalysts, which has been proposed 
and developed in collaboration with Nisshinbo Industries, Inc. However, the active sites of carbon-based 
catalysts have not yet been understood. Conventionally, the activity of similar carbon-based catalysts 
has been attributed to the presence of a heterogeneous element, such as a transition metal element and 
doped nitrogen introduced into the carbon surface. This study is based on the hypothesis that the active 
sites are the carbon structure itself. The objectives of this study are to experimentally prove the 
hypothesis and investigate the mechanisms of the ORR activity. Furthermore, this study aims to 
establish guidelines for the design of a highly active catalyst by defining the ORR active sites based 
on the detailed characterization of a commercial carbon alloy catalyst. This study is expected to 
advance the development of high-performance carbon alloy catalysts, which can promote the wide-
scale application of polymer electrolyte fuel cells. This paper consists of six chapters: background 
and purpose, (Chapter 1); verification of the hypothesis that the origin of active sites are the curved 
graphitic carbon layers itself, (Chapter 2); suggestion of high-performance catalyst design guidelines, 
(Chapters 3 and 4); understanding the activity of commercialized carbon alloy catalysts with carbon 
structures, (Chapter 5); and conclusions and future tasks, (Chapter 6). 
 
Chapter 1 mentions the importance of shifting to the hydrogen energy society in Japan and the wide-
scale application of polymer electrolyte fuel cells for the realization of a sustainable hydrogen-
energy-based society. It also summarizes the proposed models of the active sites. Furthermore, this 
chapter highlights the lack of knowledge about the active sites of the commercialized carbon alloy 
catalysts, as an alternative to platinum, developed by Ozaki Laboratory at Gunma University. 
Moreover, the hypotheses presented herein differ from the general hypotheses for the function and 
mechanism of carbon-structure-derived active sites. The discussions presented in this chapter 
support the purpose of this study. Specifically, it aims to focus on the active sites of the carbon alloy 
catalyst in view of the carbon structure and its mechanism, in addition to establishing design 
guidelines for high-performance catalysts. 
 
Chapter 2 describes the extraction of the catalyst from Nanom Black (manufactured by Frontier 
Carbon), a fullerene extraction residue used as a raw material. This chapter is divided into two parts. In 
the first half, the extraction of curved graphitic layers and the ORR activity by oxidation of Nanom 
Black are investigated. In the second half, the change in activity and the carbon structure and 
properties according to the heat treatment are examined and the importance of the continuous 
curved layers for ORR activity is revealed. Specifically, characterization techniques such as 
transmission electron microscopy (TEM), temperature programmed desorption (TPD), infrared 
absorption spectroscopy (IR), and X-ray photoelectron spectroscopy (XPS) are used to investigate the 
curvature of the carbon layers and reveal the effects of its continuity on ORR activity. Thus, it has been 
proved, in this chapter, that the ORR activity is attributed to the presence of carbon. 
 
In Chapter 3, the results of a study on a new preparation method for constructing continuous curved 
graphitic carbon layers are discussed. Here, two methods were combined. The first is the formation of 
curved graphitic carbon layers by nitrogen doping, and the second is to create a continuous network 
by accelerating the polymerization with a dehydration-condensation initial carbonization process. 
Specifically, folic acid containing a large amount of nitrogen was used as the carbon source, and 
phosphoric acid was used as a dehydration-condensation agent. In this way, continuous curved 
graphitic carbon layers were obtained, and a high ORR activity was obtained. The characterization by 
XPS, using the work function measurement by vibration volumetric method, indicated that it 
facilitated electron transfer from the catalyst to oxygen, which affected the ORR activity. Thus, it was 
demonstrated that a high-activity ORR catalyst could be obtained using the design guidelines 
described in Chapter 2. 
 
Chapter 4 describes how to build continuous graphitic carbon layers, presented a method using a 
metal chloride to accelerate the dehydrogenation reaction of later carbonization process. Here, a 
carbonization method using a mixture of polyvinylidene chloride as a carbon source and copper 
chloride as an additive is employed. As a result, continuous curved graphitic carbon layers were 
formed as intended, and increased ORR activity was also observed. The oxygen adsorption properties 
and the Fermi level measurement show that this catalyst is effective in promoting the oxygen 
adsorption and electron transfer process, which is a fundamental process of ORR. In this section, the 
introduced parameter L/La represents the continuity and curvature of the carbon layer, and the ORR 
activity showed a good correlation with this parameter. 
This proves that continuously curved graphitic carbon layers form ORR active sites.. 
 
In Chapter 5, it is discussed that the characterization of the commercial carbon alloy catalyst can 
explain the ORR activity of the catalyst through the determination of parameter L / La, which indicates 
the presence of continuously curved graphitic carbon layers, in the same manner as described above, 
particularly in Chapter 4. A significant correlation between the ORR activity and L/La was revealed, 
suggesting that the ORR activity of the carbon alloy catalyst is fundamentally based on continuously 
curved graphitic carbon layers. Thus, the formation of continuously curved graphitic carbon layers 
significantly contributes to the ORR activity of a carbon-based catalyst. The design guidelines for 
highly active catalysts was to form a warped graphitic layers with large L/La values. 
 
Chapter 6 describes the summary and prospects of this research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
